Introduction
Optically addressed spatial light modulators (OASLMs) are devices that alter the properties of a readout light beam in response to an input write image. They are key elements of optical processing. They can perform wavelength conversion, coherent-to-incoherent image conversion, and intensity amplification of 2-D images. OASLMs are formed from a sandwich of a photosensor layer, which absorbs a write-light image to create a spatially varying electric field, and a modulating layer, which responds to the electric field to modulate a read light that passes through it.
High-performance OASLMs have been fabricated by assembling light-modulating liquid crystals (LCs) with thinfilm photosensors.' Critical parameters in OASLM photosensors are photosensor thickness, high lateral resistivity, and good photoresponse. Although LC OASLMs are 2-D imaging devices, they may not include patterned pixels. In this case their spatial resolution depends only on the LC and photosensor material properties and may be high compared to patterned devices. In this paper we review thin-film photosensors that have been incorporated into LC OASLMs. We discuss the optoelectronic and physical properties that the photosensor must fulfill in such OASLMs and present experimental characteristics of different types of hydrogenated amorphous silicon photosensors. Paper 10083 received Aug. 19, 1993 ; accepted for publication Oct. 25, 1993. 1994 Society of Photo-Optical Instrumentation Engineers. 009 l-3286/94/$6.00.
1322 / OPTICAL ENGINEERING / April 1994 / Vol. 33 No. 4 Abstract. Liquid crystal (LC) spatial light modulators (SLMs) are addressed optically with semiconductor thin-film photosensors incorporated into the devices. Nematic LCs, which are insensitive to the polarity of the applied voltage, are addressed by optically modifying the effective resistance of the photosensors to be much smaller than or much larger than a threshold value. Much faster ferroelectric LCs, which are polarity sensitive, are addressed by supplying sufficient photogenerated charge.
Because the spatial resolution of the devices decreases rapidly with increasing mobility of carriers at the photosensor/LC interface, very low mobilities, less than 1 cm2 V s1, are required. Photodiodes of hydrogenated amorphous silicon in p-i-n, Schottky, and metal insulator semiconductor configurations form practical photosensors for optically addressed SLMs. Thin-film photoconductors, having nonblocking contacts, cannot be used in many cases because of their large dark currents.
Liquid Crystals
An LC is a birefringent medium whose optical axes can rotate under the influence of an externally applied electric field, modifying the polarization ofa light beam that passes through it. By an appropriate orientation of polarizers and crossed analyzers, this polarization change may be transformed into an intensity modulation. NLCs respond to the magnitude of the external electric field independent of its polarity. As a consequence, NLCs are usually driven with dc-balanced voltage waveforms such as sine waves. Several types of NLC cell structures have been used to make OASLMs. In the birefringent mode, the NLC molecules are parallel to each other and to the substrates in the absence of an applied voltage.3 When a sufficiently large voltage is applied to the cell, the molecules rotate perpendicularly to the substrates. The transfer characteristic of a birefringent-mode NLC cell is illustrated in Fig. 1 where the optical response is plotted versus the rms value of the applied voltage. Other NLC alignment modes that have been used in OASLMs are the twisted nematic mode and the hybrid field mode, discussed elsewhere. 4 The thickness of NLC cells is typically 5 to 10 rim. NLC cells are driven with 1-to 1O-kHz voltage sine waves whose amplitudes are -5 V. The switching-on time of NLC cells is --100 s, but their switching-off time is much longer, -20 ms. To switch the NLC cell of Fig. 1 on and off and to optimize the contrast ratio, the rms value of the sine-wave applied voltage must equal ( V0) and ( V0ff), respectively. 5 FLCs respond to the polarity and magnitude of an externally applied electric field. By an appropriate choice of the alignment layers, FLC cells can be made bistable such that the orientation is maintained when the applied voltage is switched to zero. 6 The transfer characteristic of a bistable FLC cell is illustrated in Fig. 2 , where its optical transmission between crossed polarizers is plotted versus applied voltage.
The thickness of FLC cells is typically 1 to 2 xm. FLCs switch much more quickly than NLCs. Their switching time is inversely proportional to the applied voltage and is -50 s when 10 V are applied to a 1-xm-thick FLC cell. Because they require fields of both polarities to switch on and off, FLC cells are driven with voltage pulses or square waves. In the remainder of this paper, an FLC cell will be assumed to switch on in response to a negative and off to a positive applied voltage, as represented in Fig. 2 .
Optically Addressed Spatial Light Modulators
The cross section ofa general LC OASLM is shown in Fig. 3 . The LC is sandwiched between a transparent conducting oxide (TCO) electrode that has been deposited onto a glass plate and a photosensor. The photosensor may be a deposited thinfilm semiconductor or a crystalline semiconductor wafer. A dielectric stack reflector may be deposited on top of the photosensor to enhance reflection of the readout light. Prior to assembly, the two LC-bounding surfaces must be coated with alignment layers. To achieve uniform LC thickness and avoid wavefront distortion of the readout beam, optical flats are used and smooth photosensors are fabricated.
LC OASLMs are driven with voltage waveforms applied to the two TCO electrodes. In the absence of illumination only a small fraction of the applied voltage drops across the LC, which remains in what is defined as the off state. When and where a write image is incident onto the photosensor, a photocurrent flows and a larger fraction of the applied voltage drops across the LC, which switches to its on state. A uniform linearly polarized readout beam is incident onto the LC side of the OASLM and is reflected by the dielectric stack reflector-or by the photosensor/LC interface if there is no reflector. The readout light passes through the LC twice and its polarization is rotated where and when the LC molecules have switched. The polarization rotation may then be transformed into an intensity modulation after filtering through a crossed polarizer. In summary, an LC OASLM can form an intensity replica of an incident write image.
Photosensor
The role of the photosensor is to transfer the OASLM driving voltage to the LC when and where the photosensor is illuminated with a write light. Since NLCs are driven with dcbalanced voltage sine waves, the photosensor of an NLC OASLM should ideally have a symmetric current-voltage characteristic such as that of a photoconductor. In fact, this requirement is loose because of the dielectric stack reflector that is often incorporated into an NLC OASLM to increase the reflected readout light intensity. The effect of such a dielectric stack is to introduce a series capacitance into the OASLM that absorbs any asymmetry in the time-averaged voltage waveforms across the LC.7 As a consequence, the voltage across the NLC is dc-balanced even though the photosensor may have an asymmetric current-voltage characteristic, e.g., that of a photodiode. The role of the photosensor in an NLC OASLM is to modulate the rms value ofthe voltage across the LC between ( V0ff) and ( V0) represented in Fig. 1 , when the write light is off and on, respectively. The design of an NLC OASLM is then an impedence matching problem as addressed in Sec. 4.1. in the absence of write light. Additionally, the photosensor must provide sufficient charge to switch the FLC on during the negative voltage period in the presence of a write light.
(This description is based on the FLC on and offstates defined in Fig. 2 , where the applied voltage is negative or positive, respectively.) The design of an FLC OASLM is also a capacitance matching problem, since each time there is a voltage applied to the OASLM there is a corresponding voltage step across the FLC that may cause the unintentional switching on of the FLC in the absence of write light. The photosensor electrical requirements for FLC OASLMs are discussed in Sec. 4.1.2.
Electrical Requirements
In this section we discuss the electrical requirements that photosensors must fulfill to operate successfully in NLC and FLC OASLMs. These requirements are derived from a simple analysis of the OASLM equivalent circuits.8'9 Since NLC and FLC OASLMs are driven differently, their photosensors must satisfy different requirements.
.1 Nematic liquid crystal optically addressed
spatial light modulators We consider an OASLM incorporating a dielectric stack refiector, the NLC whose transfer characteristic is shown in and assuming CLC 1 nF/cm2 and CDS = 10 nF/cm2, the solution of Eq. (1) and Eq. (2) and s are the thickness and the dielectric constant of the photosensor, respectively, and dLc and ELC are the thickness and the dielectric constant of the liquid crystal, respectively.
To fully switch off (erase) the FLC, the photosensor must supply sufficient charge during the positive applied-voltage period. This charge may be supplied by a forward-biased photodiode or by a photoconductor uniformly illuminated with a flushing beam. In both cases, the minimum current 'erase necessary to erase the FLC must be much larger than 'erase >> 2f[(CLC + Cps)I V + 2PJ where P is the spontaneous polarization of the FLC.
Quantitatively, the thickness and thus the capacitance of the FLC is determined by the FLC birefringence optical quarter-wave condition at the readout light wavelength; typically, dLc 1 m (at 632.8 nm) and CLC = 5 nF/cm2. Thus, Eqs. (5) and (6) 
Photosensor Collection Efficiency and OASLM

Sensitivity
As mentioned earlier, the NLC of an NLC OASLM is switched on and off by varying RC time constants within the OASLM. Thus, the write-light sensitivity ofan NLC OASLM is related to the minimum write-light intensity that is necessary to decrease the LC-associated RC time constant sufficiently, and hence to decrease the photosensor resistance to less than the threshold value R,h given in Eq. (3). Expressing the photosensor resistance in terms of light intensity, collection efficiency, carrier lifetime, and photon energy, the minimum write-light intensity to switch on an NLC OASLM can be derived simply and is equal to D ______ mm (4) energy, q is the elementary electronic charge, i is the majority carrier drift mobility, q is the collection efficiency, and r is the carrier lifetime. If the photosensor is a photodiode then the carrier lifetime is approximately equal to 1/2f. Using the previous values for a thin-film photosensor of = 1 cm2 V 5 -1, = , T 100 jis, and hv =2 eV, the theoretical minimum write-light intensity to switch on an NLC OASLM is 0.5 pW/cm2, and 100 iW/cm2 experimentally. Presumably the large difference between the theoretical and experimental values is that the experimental 'i-is much shorter than the NLC response time. The minimum intensity can be reduced by increasing the carrier lifetime in the photosensor. How- (5) ever, if the carrier lifetime is longer than the NLC relaxation time, it limits the OASLM response time.
The switching of the FLC in an FLC OASLM is controlled by the charge that is provided by the photosensor to the FLC (6) instead of by the phototransport parameters of Eq. (8) that limit NLC OASLM sensitivity. The minimum charge that must be supplied by the photosensor to switch on the FLC is approximately equal to 2P, where P is the spontaneous polarization of the FLC. The sensitivity of an FLC OASLM is related to the minimum write-light energy that is necessary for the photosensor to provide a charge of 2P. This minimum energy is equal to 2Phv Qmin (9) where hv is the photon energy and q is the photosensor collection efficiency. For P =25 nC/cm2, hv =2.0 eV, and 1 = 1, the minimum write-light energy to switch on an FLC OASLM fully is 100 nJ/cm2. For a square-wave driving frequency of 1 kHz, this corresponds to a write-light intensity of 200 iW/cm2. In this case the theoretical and experimental values agree. For both types of OASLMs it is desirable to improve the sensitivity and thus to have a photosensor collection efficiency that is as large as possible. A photodiode can have a maximum collection efficiency of only 'r = 1 in reverse bias. A photosensor with gain would be better but cannot be easily fabricated and incorporated in LC OASLMs.
Photoresponse Time
In most cases the OASLM switching time is limited by the LC switching, which is usually slower than the photosensor photoresponse. As mentioned previously, NLC and FLC switching times are -20 ms and -50 ps, respectively. However, if the photoresponse of the photosensor is slower than the LC switching, a residual image (also called image lag) may appear in the OASLM. This is the case with photosensor materials that have a large density of deep states" such as CdS. To avoid this problem it is desirable to use materials that have a fast response,'2 such as crystalline Si or a-Si:H.
Resolution
The spatial resolution is a critical parameter in OASLM performance. It is defined by the number of distinguishable dark and bright line pairs per unit length and is usually expressed in line pairs per millimeter (lp/mm). In a pixelated OASLM the resolution depends on the size and pitch of the pixels. In a uniform photosensor OASLM the resolution is determined by the photosensor electronic transport properties and thick-OPTICAL ENGINEERING/April 1994/Vol. 33 No.4/1325 (7) where is the photosensor thickness, hv is the photon The voltage MTF at t = 0.5 ms, corresponding to the end a sinusoidal electron photogeneration rate resulting from the of an FLC OASLM write cycle at 1 kHz, is plotted in Fig where ff(x, t) is the surface carrier density and J(x, t) is the may exhibit poor response time and sensitivity. We will prelateral current density. The lateral current due to diffusion sent a more detailed model in a future publication. and drift is equal to 45 Physical Requirements &r(x t)
Photosensors for OASLMs must be compatible with LC tech-J(x, t) = qD ' + qpcr(x, t)E(x, t) , (12) nology. Two classes of photosensormaterials have been used.
Bx
Wafers of crystalline semiconductors5' ' 8, 1 9 such as Si, GaAs, and BSO have been used directly or bonded onto TCO-coated where D is the electron diffusion coefficient that is equal to optical flats and polished to make OASLMs. However, crysk Tpiq using the Einstein relationship, k T is the thermal entalline semiconductor wafers are thick and have a high carrier ergy, ji is the electron mobility, and E(x, t) is the lateral mobility, and thus yield low spatial resolution OASLMs. To electric field at the LC/photosensor interface.
improve OASLM resolution, some crystalline wafer photoThe solution of Eqs. (1 1) and (12) cannot be derived ansensors have been thinned and/or patterned with an array of alytically and must be solved numerically.'7 However, nephotodiodes or etched pixels. These processing steps add glecting the drift current, i.e., setting E(x, t) = 0, the ana- To obtain optically uniform devices, the LC thickness must be constant over the whole OASLM area. The photosensor must be in contact with an electrode that is transparent to the write light. The opposing substrate must be transparent to the readout light and provide an electrode. For these reasons, TCO-coated X/lO optical flats are used to fabricate OASLMs. Similarly, the photosensor surface must be smooth over the entire OASLM area. Thickness uniformity can be achieved by an appropriate choice of the geometry of the substrate and substrate holder in an a-Si:H plasma-enhanced chemical-vapor-deposition system.
Following deposition of a thin film, two types of physical defects in the thin-film photosensor may impede proper fabrication and operation of an LC OASLM. Pinholes in the photosensor thin film result in a region of the LC that cannot be write-light modulated in an OASLM. Bumps, consisting of protrusions of photosensor material, may short the two TCO electrodes or prevent the LC from being adequately thick. These defects may be prevented by using a careful cleaning procedure for the substrates before the deposition of a-Si:H.
Photosensor Current-Voltage Characteristics
In this section we present experimental results for four types of a-Si:H photosensors, three of which are commonly incorporated into FLC OASLMs. These are the p-i-n photodiode, the indium tin oxide (ITO)/a-Si:H photoconductive diode, the ITO/SiO/a-Si:H metal-insulator-semiconductor (MIS) photodiode, and the n-i-n photoconductor. Their thickness is approximately 2.5 pm to match the FLC capacitance [Eq. (5)1. The transition from photoconductors through photoconductive diodes to photodiodes is gradual and depends on the degree to which the contacts are blocking.
The current-voltage characteristics of an '-2.5-rim-thick a-Si:H p-i-n photodiode are shown in Fig. 6 . As is apparent from the figure, this photodiode exhibits excellent rectifying behavior. It has a low reverse-bias dark current that does not switch on the FLC in the absence of illumination [Eq. (4)1 and a large forward-bias current to switch the FLC off [Eq. (7)]. Under illumination it can also supply enough photocurrent in reverse bias to switch on the FLC.
The collection efficiency of this p-i-n photodiode under -5-V reverse bias is -80% at 514.5-nm wavelength. Its photoresponse time is short, as shown in Fig. 7(a) . However, because a-Si:H has a large density of deep states there is a slow component to the current decay following a forward- biasing voltage step or a light pulse, as shown in Fig. 7(b) . The current continues to decay until a steady state is reached when the dark current is composed of a thermal generation current.21 This current decay may contribute to the formation of a residual image in an OASLM, in which the LC of the OASLM would switch on long after a write image was incident onto the photosensor. Experimental studies8 have shown that there is no significant residual image effect in an OASLM incorporating an a-Si:H photosensor because the residual current is sufficiently low [note the current scale on Fig. 7(b) ], which was not the case with an ' including CdS.
A large forward-bias current is necessary to switch off the FLC in an OASLM. In a previous study we showed that in a p-i-n photodiode only electron injection controls the erase contribute to the transient current.22 Thus, the role of the p-layer in the p-i-n photodiode of an OASLM is not to enhance hole injection under forward bias, but rather to prevent the injection of electrons from the TCO electrode in contact with the p-layer, which may switch on the FLC in the dark under reverse bias.
An a-Si:H photoconductive diode (PCD) operates as a somewhat leaky a-Si:H p-i-n photodiode in series with a photoresistance. An Mg/Ag contact was deposited on top of an '-2.5-rim-thick PCD to form a relatively nonblocking back contact. 23 The current-voltage characteristics of this PCD are shown in Fig. 8 . Both the dark and illuminated characteristics are not symmetric near 0 V because the ITO and Mg/Ag contacts on a-Si:H form Schottky barrier diodes of different heights, 0.7 and 1 eV, respectively.23'24 Note that the current-voltage characteristics are not linear, nor do they follow a power law, indicating that the PCD is not a photoconductor. The current-voltage characteristics and photoresponse of the reverse-biased PCD are effectively similar to those of ap-i-n photodiode. Since the forward-bias dark current is small, the PCD should be illuminated with a flushing beam to supply sufficient current to fully erase the OASLM. An a-Si:H MIS diode was fabricated by depositing an -2.5-rim a-Si:H layer over an '-100-nm SiO film that had been deposited on a ITO-coated glass substrate. A Cr electrode was evaporated to form a back contact. The steadystate current-voltage characteristics of the MIS structure are shown in Fig. 9 . Since the SiO layer is a thick insulator the steady-state current of the MIS is small. Because the insulating layer acts largely like a capacitor, the current-voltage characteristics of an MIS photodiode are time dependent. The transient photocurrents are much larger than the currents in We tried to incorporate a-Si:H n-i-n photoconductors into FLC OASLMs, as a means to improve the OASLMs' writelight sensitivities by the use of photoconductive gain. To form photoconductors the contacts must be nonblocking and may be formed with n-type layers. The steady-state currentvoltage characteristics of a 4. 1-rim-thick a-Si:H n-i-n photoconductor are shown in Fig. 10 in the dark and under 1-mW/ cm2 632.8-nm illumination. Even though a photoconductive gain of -100 was obtained at 10 V with this structure, the dark current above 2 V is larger than 10 A/cm2, the maximum value calculated in Eq. (4). This is because electrons are injected from the n-type contact, resulting in a spacecharge-limited current that increases as the square of the voltage.9'25 This large dark current switched on the fabricated FLC OASLM even in the absence of a write light, and thus the device could not be optically addressed. Since the spacecharge-limited current is inversely proportional to the cube of the thickness,25 the dark current would be reduced to less than the value set by Eq. (4) if the a-Si:H n-i-n thickness were increased26 above -15 rim. This thickness is not practical since it would take too long to deposit the photosensor (3O h in our system), the resolution would degrade, and the write light would not be absorbed uniformly across the thickness. Therefore, incorporating genuine photoconductors into FLC OASLMs is not feasible.
Summary
In summary we have discussed the differences in operation of thin-film photosensors for NLC and FLC OASLMs. From the analysis of OASLM equivalent circuits we have derived design criteria such as thickness, maximum dark current, and required erase current that photosensors must fulfill to successfully drive NLC or FLC OASLMs. We have presented an improved model for the spatial resolution of LC OASLMs that accurately predicts that the resolution decreases with increasing thickness and carrier mobility in the photosensor.
Finally, we showed the different experimental currentvoltage characteristics of three types of a-Si:H photosensors that have been successfully included into FLC OASLMs: the p-i-n photodiode, the ITO/a-Si:H photoconductive diode, and the ITO/SiO/a-Si:H MIS photodiode. In a genuine photoconductor, having symmetric current-voltage characteristics and nonblocking n-type contacts, carrier injection results in a large dark current.
